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NOMENCLATURE 
Blade  chord 
Section  lift  coefficient  based on the  local  rotational 
velocity,  wr 
Radial  distance  from  the  center  of  the  vortex 
Radius  at  any  spanwise  station  from  the  center of rotation 
Blade  radius 
Time 
Free  stream  velocity 
Blade  tip  velocity 
Distance  between  rotor  axis  and  vortex  axis 
Vortex  generated  wing  angle  of  attack 
Circulation  at  any  radius 
Denotes  increment  in  a  quantity 
Intersection  angle 
Advance  ratio = V/wR 
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SUMMARY 
Additional  measurements of unsteady,  rotor  blade  airloads  and 
their  time  derivatives  are  presented  for  a  rotor  blade  intersecting 
a  completely  rolled-up  vortex.  These  results,  taken  at  the  spanwise 
stations  of  0.9R,  0.85R  and  0.75R  complement  measurements  previously 
reported for the  0.95R  station. 
Incremental  values  in  the  section  lift  coefficient  as  high  as 
1.17  were  obtained  at  the  0.75R  station.  Generally,  these  values 
decreased  with  increasing  radius. 
V 
INTRODUCTION 
The  intersection of a rotor  blade  with  the  tip  vortex  from a 
preceding  blade  can  result  in  an  appreciable  impulsive  load  near  the 
blade  tip  producing  structural  vibrations and.the  sharp, cracking 
sound  known as blade  slap  or  bang.  This  investigation  of  the  rotor 
vortex  interaction  utilizes a flat-pitched  rotor  blade  with a sym- 
metrical  airfoil  section.  The  rotor  disc  plane,  also  at a zero  angle 
of attack,  intersects a completely  rolled-up  vortex  generated  by a
fixed  wing  ahead of the  plane.  Time  histories of the  chordwise  pres- 
sure  distribution  are  recorded  at  three  spanwise  locations  of  the 
blade  for  two  different RPMs and for different  rotor  plane  positions 
and  angle  of  intersections. 
This  report  represents  an  extension  of  the  work  reported  in 
Reference 1. The  reader  is  referred to the  reference  for a more 
complete  description  of  the  test  apparatus  and  procedures. 
DESCRIPTION OF EXPERIMENT 
The  experimental  equipment  can be positioned  vertically  and 
horizontally so that  the  blade  intersects  the  vortex  system  at  dif- 
ferent  orientations.  The  single,  instrumented  blade,  made  of  high 
strength  aluminum,  used  for  the  tests  was  one  foot  in  radius,  two 
inches  in  chord  with  an  NACA  0015  airfoil  section.  The  miniature 
pressure  sensors,  placed  in  the  grooves,  were  flush  with  the  surface 
of  the  blade.  Electrical  lead  wires  followed  along  the  spanwise 
grooves  on  the  blade  through  the  shaft  to  a  slip  ring  unit. 
The  experiments  were  conducted  in  the  subsonic  wind-tunnel  of 
the  Department  of  Aerospace  Engineering  at  The  Pennsylvania  State 
University  using  an  open-jet  test  section.  The  vortex-generating 
wing,  mounted  vertically  at  the  end  of  the  contraction  section of 
the  wind-tunnel,  generated  a  vortex  of  15.25ft.L/sec  strength  at 
10 angle  of  attack.  Since  the  blade  is  instrumented  only  on  one 
0 
surface,  to  get  the  pressure  distribution  on  the  other  surface  the 
direction  of  the  vortex  rotation  is  changed  by  changing  the  angle 
of  attack  of  the  wing  from  positive t o  negative. 
The  ultraminiature  pressure  sensors  used  in  this  experiment  were 
118" in  diameter  and 0.02" thick  with  a  natural  frequency of 40kc  and 
a  sensitivity  of  approximately 0.75 mV/V/psi  with  a  range  of  0-25  psi. 
The R P M  of  the  rotor  was  measured  accurately  through  an  electronic 
counter.  A  triggering  mechanism  was  used  to  obtain  the  results  dur- 
ing  the  short  time  that  the  blade  passes  through  the  vortex. 
2 
The r o t o r  and the vortex-generating wing i n   t h e  wind-tunnel are 
shotm i n  F i g u r e  1. A tes t  ve loc i ty  of 75 mph t-7as used f o r  a l l  t h e  
t e s t ing .  Af t e r  e s t ab l i sh ing  the  test ve loc i ty  the  r e fe rence  s t a t ion  
f o r  t h e  ver t ical  movement o f  t he  sha f t  was formed by moving t h e  s h a f t  
such  tha t  the  vor tex  axis and s h a f t  axis l a y  on a horizontal  plane.  
Af te r  a warming up per iod,  the output  of the sensors  were indiv idua l ly  
balanced. 
Measurements were conducted f o r  f o u r  vertical  loca t ions  of t h e  
s h a f t  axis ( i . e .  Z/R = 0; 0.25; 0.5 and 0.75), f o u r  t o  f ive loca t ions  
of  the  ro tor  p lane  (i.e.) h / c  = -1.0 t o  1.0, two ro ta t iona l  speeds  
and three  spanwise  s ta t ions .  The stop-e traces of t he  p re s su re  t r ans -  
ducers were recorded photographically to obtain timevise var ia t ion  of  
the pressures measured by the chordwise pressure sensors. The  pha- 
tographs were read using a trace reader  wi th  the  resu l t s  be ing  record-  
ed on IB14 cards. These were matched with the corresponding resul ts  
of t he  p re s su res  on t h e  o t h e r  s u r f a c e  of the blade and processed 
through an IBM 360/67 computer. 
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PRESENTATION OF RESULTS 
The max imum l i f t   d i f f e r e n c e  and i t s  time v a r i a t i o n  as the  b lade  
in t e r sec t s  t he  vo r t ex  are important  for  the est imat ion of the unsteady 
blade stresses and f o r  t h e  i n t e n s i t y  of t he  r e su l t i ng  no i se .  The 
v a r i a t i o n s  of AC and A C l / A t  wi th  ro tor  p lane  pos i t ion ,  h /c ,  for  the  
two values of R P M ' s ,  1500 and 2000, fo r  t he  th ree  spanwise  s t a t ions ,  
1 
0.9R, 0.85R and 0.75R, are shown in  F igu res  2 ,  3 ,  4, 5, 7, 8, 9, 10,  
12 ,  13, 14, 15 and 16 .  The genera l  var ia t ions  of AC1 and AC1/At with 
h / c  are similar. Al the peak values  of AC1 and AC / A t  occur a t  o r  
near  the  center .  The r e s u l t s  p r e s e n t e d  i n  t h i s  r e p o r t  and those pre- 
sented in  Reference 1 show t h a t  a t  a giver, Z/R and FPM, t h e  maximum 
1 
l i f t  c o e f f i c i e n t  d i f f e r e n c e ,  AC1, a t  the inboard span s ta t ions are 
greater  than those a t  the outboard span s ta t ions.  Though the values  
of AC1 f o r  t h e  2000 RPM case are smaller than those €or the case of 
1500 FPM under similar condi t ions ,  the  ac tua l  l ift increments w i l l  be 
g r e a t e r  due to  the  h ighe r  ve loc i ty .  As observed i n  Reference 1 the  
m a x i m u m  l i f t  c o e f f i c i e n t  d i f f e r e n c e ,  AC1, increases  with increasing 
Z/R (decreas ing  in te rsec t ion  angles )  a t  a given spanwise station. 
The e f f e c t  of vor tex  s t rength  on the par-eter AC and A C l / A t  i s  1 
shown i n  F igu res  6, 11 and 1 7  f o r  t h e  case of Z/R = 0 and f o r  d i f f e r -  
ent  rotor  plane posir ions (h/c)  for  the three spanwise s ta t ions 0.9R, 
0.85R and 0.75R. The vor tex  s t rengths  are non-dimensionalized with 
t i p  v e l o c i t y  and blade radius .  Both t h e  parameters appear to increase 
l inear ly  wi th  vor tex  s t rength ,  the  rate of increase being dependent 
on (h/c).  The maximum increase occurs  when the blade passes through 
4 
t he  cen te r  of the vortex.  The v a r i a t i o n s  of AC1 and 5 along the 
span of the blade are shown f o r  1500 RPM and d i f f e r e n t  h / c  v a l u e s  i n  
A t  
Figures 18, 19, 20, 21, 22, 23, 24 and 25 f o r  Z/R values of 0, 0.25, 
0,5 and 0.75. Figures 26 and 27  show t y p i c a l  v a r i a t i o n s  of AC1 and 
- f o r  Z/R = 0 a t  2000 RPM. The p l o t s  of ACl and ~ \ t  A t  f o r   o the r   va l -  Acl 
ues of Z/R a t  2000 RPM can be obtained by c r o s s  p l o t t i n g  t h e  r e s u l t s  
shown in  F igu res  3, 4, 5, 8, 9, 10, 14, 15 and 16, The AC1 values 
appear  to  decrease towards the t ip  of the blade,  But 5 does not 
e x h i b i t  a cons is ten t  var ia t ion  a long  the  span .  
A t  
5 
CONCLUSIONS 
Add i t iona l  r e su l t s  of an experimental  invest igat ion of r o t o r  
blade-vortex interaction have been presented. The conclusions to  
be drawn from t h e  r e s u l t s  are as follows: 
1. The maximum l i f t  coef f ic ien t  d i f fe rence ,  ACl, and 
t h e i r  time v a r i a t i o n s  are a m a x i m u m  when t h e  r o t o r  
i n t e r s e c t s  t h e  c e n t e r  of the vortex.  
2. Values  of AC1 as high as 1.15 a t  0.75R and  0.75 x 
10 /sec f o r  5 at  0.9R were measured in  the  p re s -  3 
A t  
ent experiments. 
3. AC1 and 5 increase approximately l inear ly  with 
A t  
vor tex  s t rength  wi th  the  s lopes  be ing  d i f fe ren t  for  
d i f f e r e n t  r o t o r  p l a n e  p o s i t i o n s .  
4 .  ACl a t  each  span  s ta t ion  increases  as t h e  s h a f t  axis 
i s  moved  away from the  vor tex  axis (i.e. as the  
in te rsec t ion  angle  decreases)  
5. A t  a p a r t i c u l a r  Z/R,AC a t  the  inboard  span  s ta t ions 
are higher than those a L  the outboard span s ta t ions.  
1 
However,  no d e f i n i t e  t r e n d  e x i s t s  i n  t h e  c a s e  of t h e  
time v a r i a t i o n  of max imum l i f t  d i f f e r e n c e  ; i . e . ,  
6 
1. Surendraiah, M., An  Experimental Study of Rotor  Blade-Vortex 
Interaction, M.S. Thesis,  The  Pennsylvania  State  University, 
1969;  (Also  published  as  NASA  CR-1573,  May  1970) 
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